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Abstract: 
Multilevel converters are used in high power and high voltage applications due to their attractive 
benefits in generating high quality output voltage. Increasing the number of voltage levels can lead to 
a reduction in lower order harmonics. Various modulation and control techniques are introduced for 
multilevel converters like Space Vector Modulation (SVM), Sinusoidal Pulse Width Modulation 
(SPWM) and Harmonic Elimination (HE) methods. Multilevel converters may have a DC link with 
equal or unequal DC voltages. In this paper a new modulation technique based on harmonic 
elimination method is proposed for those multilevel converters that have unequal DC link voltages. 
This new technique has better effect on output voltage quality and less Total Harmonic Distortion 
(THD) than other modulation techniques. In order to verify the proposed modulation technique, 
MATLAB simulations are carried out for a single-phase diode-clamped inverter. 
Introduction: 
Multilevel converters are widely used in high voltage and high power applications because of their 
ability to generate staircase output voltage close to a sinusoidal waveform with lower harmonic 
distortion, higher output voltage levels and reduce switching losses which can remedy 
Electromagnetic Interference (EMI) problem. Three well-known topologies of multilevel converters 
are diode-clamped, flying capacitor and cascade, which are shown in Fig. 1.  
 
 
    (a) 
 
(b) 
 
   (c) 
Fig. 1: One leg of a multilevel converter with (a) diode-clamped (b) flying capacitor (c) cascade 
topology 
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In a diode-clamped configuration, the DC link voltage is divided into a number of output levels by 
some series-connected capacitors [1]. Using the topology of Fig. 1(a), the DC voltage can be divided 
into three levels by DC link capacitors (C1and C2ሻ. This type of multilevel converters is popularly 
used in motor drive applications due to the simplicity of the DC link voltage for a back-to-back 
configuration [2].  In a flying capacitor converter, desired output voltage levels are generated by 
distributing the DC voltage among the capacitors. The third well-known configuration is a cascade 
converter in which several H bridge single phase converters with distinct DC sources are connected in 
series [3]. Cascade converters are suitable for renewable energy system integration or as Static VAR 
Compensators (SVCs) [2, 3].  
In all mentioned configurations, an output voltage staircase is achieved based on different switching 
states, providing different DC link voltages across a load. Fig. 2 shows m-pulses which are added 
together at the output of a multilevel converter to get two separate output voltage waveforms – one 
with equal dc link voltage (V1=V2=…=Vm) (Fig. 2(b))and the other with unequal dc link voltage 
(V1≠V2≠…≠Vm) (Fig. 2(c)). 
 
(a) 
 
(b) 
 
(c) 
                                                                                                   
Fig. 2: Output of M-level converter (a) m-pulses (b) equal voltage levels and (c) unequal voltage 
levels 
 Traditionally, the output voltage levels of a multilevel converter are equal and the numbers of the 
output voltage levels are limited by the numbers of components and the DC voltage sources. Hence, 
more output voltage levels can impose more cost and complexity to the system. To achieve more 
output voltage levels without adding up components, unequal DC link diode-clamped converters have 
been introduced [4]. In this case, it is possible to generate more output voltage levels according to 
different switching states and unequal DC link voltages. Thus, the output voltage levels may be 
increased with less components and DC voltage sources [5].  
To have an optimal operation and better output voltage quality and also to control output voltage 
waveform of a multilevel converter, an appropriate pulse width modulation and a suitable control 
technique are required. Several modulations and control techniques are introduced such as: Sinusoidal 
Pulse Width Modulation (SPWM), Space Vector Modulation (SVM) and Selective Harmonic 
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Elimination (SHE) method [1]. Among these modulation techniques, SPWM and SVM modulation 
techniques can be applied for power converters by comparing a reference signal with triangular 
signals, [1], [6],[7],[8]. In [9], a Selective Harmonic Elimination (SHE) technique is combined with 
Optimized Harmonic Stepped Waveform (OHSW) method to decrease output harmonic contents and 
filter size with less complexity and switching losses. This technique proposes extra notches with their 
angles in the output levels, which are helpful to have better control on output waveform and harmonics 
reduction.  
A new modulation technique based on harmonic elimination method is introduced in this paper for a 
multilevel converter with unequal DC link voltage to eliminate more harmonic contents at output of a 
converter compared to traditional harmonic elimination method. Due to unequal DC link voltages. The 
proposed technique can have more variables such as switching angles and output voltage levels. 
Therefore this technique is very effective in reducing THD. In order to validate the proposed new 
modulation technique, single phase multilevel converters with four and five voltage levels are 
simulated and the results are compared with the traditional harmonic elimination technique. 
Selective Harmonic Elimination 
Harmonic elimination technique is an offline method in which switching angles are used to control the 
fundamental component and to eliminate low order harmonic contents.  Switching angles are 
calculated in such a way to eliminate lower order harmonics by solving several nonlinear equations 
[9]. Fourier series expansion is used to find out switching angles and eliminate desired harmonic 
contents. The output staircase waveform includes no even harmonic contents, since it is symmetric. In 
the conventional method, the differences between each two consequent output voltage levels are equal 
and the switching angles are the only variables for this modulation. Fourier series expansion of m-
level converter is given by 
bn= ෍ 4Vinπ
m-1
i=1
cos (nαi)    (1)
where: 
Vi: the amplitude of output voltage   
αi: the ith switching angle 
n: the number of odd harmonics 
m: the number of output voltage levels    
In the conventional harmonic elimination technique:  V1=V2=…=Vm=Vdc/(m-1). Therefore, (1) can be 
rewritten as 
bn=
4Vdc
n(m-1)π෍ cos(nαi)
m-1
i=1
 (2)
Fig. 3 shows the output of a four-level converter in time and frequency domains. Fourier series 
expansion for this four-level converter is given by  
bn=
4V1
nπ (cos (nα1) )+
4V2
nπ (cos (nα2) )+
4V3
nπ (cos (nα3) ) (3)
In this case, V1=V2=V3=Vdc/3 and we have only three variables (α1,α2,α3). According to these three 
variables, the above non-linear equation is solved in MATLAB to eliminate 3th and 5th harmonics and 
to calculate the fundamental amplitude.  
As an example, (4) is derived from (3) to calculate the switching angles of a four-level inverter with 
fundamental component of b1=0.6 (per unit), b3= b5=0 and Vdc=0.7 (per unit). 
b1=
4Vdc
3π ሺcosሺα1ሻ + cosሺα2ሻ + cosሺα3ሻሻ=0.6 
 
b3=
4Vdc
9π ሺcosሺ3α1ሻ + cosሺ3α2ሻ + cosሺ3α3ሻሻ=0 (4) 
b5=
4Vdc
15π ሺcosሺ5α1ሻ + cosሺ5α2ሻ + cosሺ5α3ሻሻ=0 
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The calculated switching angles then are: 
α1=0.3090 rad, α2=0.5306 rad,  α3=1.3649 rad
 
(a) 
 
(b) 
Fig. 3: Output voltage waveform of a four-level converter operating with conventional technique in (a) 
a time domain and (b) a frequency domain 
As is shown in Fig. 3(b), 3th and 5th harmonics are eliminated. From (1), it is clear that more variables 
are required to eliminate more lower order harmonics. This implies that for eliminating more harmonic 
components, we need to increase the number of switching angles or the number of output voltage 
levels. In order to analyse the effect of more variables, a five-level converter is simulated. The output 
voltage waveform of this converter is shown in Fig. 4. Calculated variables for this simulation are: 
 
 
 
(a) 
 
(b) 
Fig. 4: output voltage waveform of a five-level converter operating with conventional technique in (a) 
a time domain and (b) a frequency domain 
From Fig.4 (b) it can be seen that 3th, 5th and 7th harmonics are eliminated. This shows the effect of 
more variables on harmonic reduction.  
New Modulation Technique: 
As it is mentioned in [10], the conventional harmonic elimination technique can have only a restricted 
range of variables (switching angles) and this is a limitation in harmonic elimination. In order to 
overcome this problem, a new modulation technique is proposed in this paper to decrease lower order 
harmonics even more to improve the output voltage quality. Unlike the conventional method, DC 
voltage levels and switching angles of the output voltage waveform of a power converter are 
considered as variables which should be calculated offline by solving several non-linear equations. 
This means that the DC link voltages are not equal compared to the traditional multilevel 
configuration. In the conventional modulation method, the range of variables is limited to the number 
of switching angles, because the output voltage levels are equal. However, in the proposed modulation 
technique, due to the unequal output voltage levels, the range of the variables is extended to the 
switching angles and the output voltage levels. For instance, in a traditional technique with m-output 
voltage levels and  s-switching angles, it is possible to generate the output voltage waveform by 
α1=0.0577 rad, α2=0.5016 rad,  α3=0.7897 rad,   α4=1.4570 rad 
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eliminating  (s-1)  harmonics. But in the new modulation technique, with the same switching angles 
and output voltage levels, we can generate a voltage waveform that does not contain (m+s)-2 
harmonics. Table I shows the difference between these two techniques for a four-level converter. A 
comparison between the traditional technique and the new modulation technique, in terms of solving 
nonlinear equations, is illustrated by a flowchart as shown in Fig. 5. In this flowchart, (α1,α2,…,αs) are 
switching angles of pulses, ሺV1,V2,…,Vmሻ are the output levels and Vref is the magnitude of the 
fundamental component. Note that it is possible to generate unequal DC voltages using DC/DC 
converters as explained in the next section. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: A flowchart to calculate the switching angles and output voltage levels 
 
Table I: A comparison between the conventional 
and the new modulation technique 
Harmonic Elimination Technique 
Conventional method New method 
Switching 
Angles 
Output 
Voltage Steps 
Switching 
Angles 
Output 
Voltage Steps 
α1, α2, α3 V1=V2=V3 α1, α2, α3  V1≠V2≠V3 
Variables 
3 6 
The number of eliminated harmonics 
2 5 
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To study and analyse the proposed modulation technique, several simulations are carried out using 
MATLAB. In the first simulation, this new technique is applied to a four-level converter with unequal 
DC link voltages (V1≠V2≠V3). A Fourier series expansion is solved using MATLAB in order to find 
out the DC link voltage levels and the switching angles. In this case, the number of variables is six 
(α1, α2, α3 and  V1,V2,V3ሻ and it is expected that five harmonics will be eliminated. The calculated 
variables are as below:  
V1=0.2625 V,     V2=0.2105 V,    V3=0.1168 V 
α1=0.2244 rad,     α2=0.6732 rad, α3=1.1220 rad
The output voltage waveform of the four-level converter operating with the new harmonic elimination 
technique and its harmonic spectra are depicted in Fig. 6. The calculated voltage levels are unequal 
which means the output voltage steps of this converter are not equal, while they are equal in the 
conventional method. 
    
    (a) 
 
     (b) 
Fig. 6: A four-level converter operating with the new modulation technique (a) output voltage 
waveform, (b) harmonic contents 
As shown in Fig.6 (b), 3th, 5th, 7th, 9th and 11th harmonics are eliminated in this modulation technique. 
Therefore, it can be concluded that for the same DC link voltage level, this proposed modulation 
technique is more effective in reducing THD.  
To study the effectiveness of the scheme further, a five-level converter is simulated as well. With one 
extra voltage level, it is possible to eliminate two more harmonics due to the fact that there are two 
more variables  (α4 and A4ሻ. However, in the conventional technique, there is just one more variable 
which can eliminate one more harmonic. For the five-level converter, the calculated parameters are as 
below: 
V1=0.2063 V,   V2=0.1814 V, V3=0.1346 V, V4=0.0716 V 
α1=0.1745 rad, α2=0.5236 rad,  α3=0.8727 rad, α4=1.2217 rad 
The output voltage waveform of the five-level converter operating with the proposed new modulation 
technique is shown in Fig. 7. 
 
        (a) 
 
(b) 
Fig.7: A five-level converter operating with the new modulation technique (a) output voltage 
waveform, (b) harmonic contents 
From Fig.7 (b) it can be seen that 13th and 15th harmonics are also eliminated in addition to the results 
shown in Fig.6 (b). The simulation results of Fig.6 (b) and Fig.7 (b) verify the effectiveness of the new 
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modulation method for a multilevel converter with unequal DC voltages. Table II gives a comparison 
between the traditional and the proposed modulation technique based on MATLAB simulations for a 
four-level and a five-level converters.  
Table II: comparison between modulation techniques 
Conventional 
Technique 
New Modulation 
Technique 
4-level 
converter
5-level 
converter
4-level 
converter 
5-level 
converter 
Eliminated 
Harmonic(s) 
3th and 
5th 
3th, 5th, 
7th 3
th,5th,...,11th 3
th,5th, ..., 
15th 
THD% 2.8556 1.2839 0.7986 0.4697 
A
m
pl
itu
de
 o
f O
ut
pu
t H
ar
m
on
ic
s 1st 0.6 0.6 0.5999 0.6001 
3th 0 0 0 0 
5th 0 0 0 0 
7th 0.1014 0 0 0 
9th 0.0029 0.547 0 0 
11th 0.0226 0.0032 0 0 
13th 0.0143 0.0348 0.0462 0 
15th 0.0048 0.0109 0.04 0 
17th 0.0132 0.02 0 0.0353 
19th 0.0128 0.0249 0 0.0316 
21th 0.0029 0.0006 0 0 
 
Applications: 
Multilevel converter is widely applied in industrial applications because of its attractive abilities such 
as generating signal close to sinusoidal waveform in high and low frequencies with low harmonic 
distortion and low switching stress. Hence, this type of converter suits for those high power and high 
voltage applications. One of the issues in multilevel converters is controlling DC link voltages. There 
are a number of techniques to control and adjust DC link voltages of multilevel converters with equal 
DC link voltages. A multilevel converter with unequal DC link voltages is a new configuration which 
has less choice of freedom to control capacitor voltages in the DC link, only based on switching states.  
One of the industrial applications of multilevel converters can be for Uninterruptable Power Supplies 
(UPS) in which continuous sinusoidal voltage waveform with high quality must be generated [11]. 
Environmental problems push industry to generate electrical power by using renewable energy 
systems. These renewable energy sources can be wind turbine, photovoltaic (PV), fuel cells, etc. The 
abilities of multilevel converters make them suitable for renewable energy applications in medium-
high voltage and low frequency ranges [12]. The advantage of the proposed modulation technique for 
multilevel converters with renewable energy sources is that the each DC voltage level can be regulated 
through each separated renewable energy source.  
As an example, a block diagram of a cascade multilevel with several PV systems is shown in Fig. 8. 
Thus, for renewable energy systems where several energy sources such as photovoltaic systems or fuel 
cells are connected through DC-DC converters, the capacitor voltage balancing is not an issue any 
more. For those applications where a renewable energy source such as PV or fuel cell is a voltage 
source for a cascade converter, the proposed modulation can be used to generate unequal voltage 
levels because of their flexibility to generate various DC link voltages through a DC/DC converter 
[13]. 
8 
 
 
Fig.8: A block diagram of multilevel converter in PV systems 
Among DC/DC converters, multi-output converters have drawn great interest in generating several 
output levels without different power sources [14].  A three-Output Voltage Sharing Boost converter is 
introduced in [15] which has some benefits such as regulating DC link voltages asymmetrically 
regardless of input voltage distortion. Also, this type of converter is able to boost and regulate the 
input voltage asymmetrically to adjust desired output levels. The circuit diagram of this converter is 
depicted in Fig. 9. 
 
Fig.9: Boost-3OVS topology connected to four-level inverters 
To remedy the problem of capacitor voltage imbalance in diode-clamped configuration, this type of 
converter is useful. The main aim of using this converter is improving the performance and utilizing 
high modulation index regardless input variation and high power factor loads.  
 
Conclusion: 
Multilevel converters have the potential to play a major role in high and medium voltage applications 
in which a signal close to a sinusoidal waveform with low harmonic distortion should be generated. 
Several modulation techniques are introduced to control and eliminate the output harmonics of 
multilevel converters. Conventional harmonic elimination method is used for those multilevel 
converters in which the output voltage steps are equal so the range of modulation variables is limited 
to the number of the switching angles. To improve output voltage quality and reduce more low order 
harmonics; a new modulation technique is introduced in this paper. In this modulation method, the 
output voltage levels are defined as new variables which double the number of variables for harmonic 
elimination method. Different simulations are carried out in this paper to verify the effectiveness of 
this method compared to the conventional one. 
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